Glucose toxicity (i.e., glucose-induced reduction in insulin secretion and action) may be mediated by an increased flux through the hexosamine-phosphate p a t hw a y. Glucosamine (GlcN) is widely used to accelerate the hexosamine pathway flux, independently of glucose. We tested the hypothesis that GlcN can aff e c t insulin secretion and/or action in humans. In 10 healthy subjects, we sequentially performed an intravenous g l ucose ( 
A
s first suggested by Unger and Grundy several years ago (1), hyperglycemia exerts detrimental effects on insulin secretion and insulin action, a phenomenon commonly referred to as glucose toxicity (2). Subsequent elegant studies conducted in rat adipocytes in vitro led several authors to propose that insulin resistance induced by cell exposure to high levels of glucose was due to the acceleration of the hexosamine pathway, a quantitatively minor route of fructose-6-phosphate and, h e n c e , glucose disposal (3-5).
Glutamine fructose-6-phosphate amidotransferase (GFAT ) is the key enzyme that regulates the flux through the hexosamine pathway, which marks the first step in hexosamine biosynthesis, as glutamine and fructose-6-phosphate is converted to glucosamine-6-phosphate. GFAT is widely expressed in human tissues such as muscle, fat, vascular smooth muscle cells, liver, and pancreatic islet cells (6). The nature of the signal downstream to GFAT, which affects insulin action, is somewhat elusive, but the signal leads to an impairment in insulin-induced GLUT4 translocation (7,8) and glycogen synthase activation (9-11), which is possibly secondary to an inhibition of the early steps in insulin signaling (12) (13) (14) and to a stimulation of protein kinase C (15).
Acceleration in vivo of the hexosamine pathway, which is achieved by glucosamine (GlcN) (7, 13, 14, (16) (17) (18) (19) (20) , uridine (21) , high free fatty acid (FFA) (21) and glucose levels (16), and GLUT1 (22) or GFAT overexpression (23) , leads to insulin resistance in the rat through inhibition of the transport/phosphorylation step (16,17) and a specific impairment in insulin-mediated intracellular trafficking of GLUT4 in skeletal muscle (7, 8) . Therefore, several investigators (4, 21, 24, 25) have proposed that the hexosamine pathway acts as a fuel sensor in insulin-sensitive cells, so that when the cell is inundated with substrates (i.e., glucose and/or F FAs), insulin resistance develops and prevents cell engorgement by oxidizable compounds. Acceleration of the hexosamine pathway also causes leptin expression in skeletal muscle (25) , which, by regulating appetite and route of fat disposal, could potentially close a negative feedback loop and inhibit the self-maintenance of a vicious cycle between lipid/glucose excess and insulin resistance (26) . Alterations in this feedback system eventually lead to a break in glucose homeostasis (24) . Accordingly, increased GFAT activity has been found in both animal (27, 28) and human diabetes (29, 30) .
GlcN has been the most widely used tool to increase the flu x through the hexosamine-phosphate pathway (7, 13, 14, [16] [17] [18] [19] [20] , because it is metabolized to glucosamine-6-phosphate by the couple glucose transporter/hexokinase, thereby bypassing G FAT and leading to a glucose-independent increase in the pathway flu x .
H o w e v e r, some studies have reported data not perfectly fitting with the GlcN/GFAT paradigm. For instance, GlcN may also impair the early steps of insulin signaling by depleting AT P, a mechanism not known to be shared by glucose (12). H o w e v e r, both GlcN and GFAT overexpression cause insulin resistance in vivo with no depletion of tissue ATP (8, 14) . GlcN impairs insulin stimulation of phosphatidylinositol 3-kinase, but not Akt/protein kinase B (13, 14) , a subsequent signaling step considered to be important for insulin-mediated GLUT4 translocation (31) . Troglitazone prevents glucosebut not GlcN-induced insulin resistance, suggesting that different mechanisms underlie insulin resistance in these 2 m o dels (32) . On the other hand, troglitazone can impede the appearance of insulin resistance in mice overexpressing G FAT, which is in agreement with the hexosamine hypothesis (8). After exercise, at a time when insulin sensitivity is increased, a paradoxical increase in the muscle levels of the products of the hexosamine-biosynthetic pathway is observed (33) . Some of these inconsistencies may, at least partially, be explained by the finding that in skeletal muscle, GlcN infusion, but not diabetes, leads to a marked accumulation of GlcN-6-phosphate, which in turn exerts opposite effects of its own on glycogen synthase and hexokinase (34) .
A further, though less studied, aspect of the GlcN paradigm is relevant to -cell secretion. GlcN has long been known to be an inhibitor of glucokinase (35) (36) (37) , the glucose sensor of the -cell. Accordingly, GlcN in vivo can reduce the first and second phases of insulin secretion in the rat (17,37,38), suggesting that it can fully mimic the detrimental effect of prolonged glucose exposure on insulin action and secretion (17, 38) .
Furthermore, GlcN is being marketed to treat osteoarthritis, and it might have harmful effects on glucose homeostasis in these patients, who frequently are elderly and/or obese (39) .
Thus, considering the great importance that the GlcN/hexosamine paradigm may have in human disease, we undertook the present investigation to ascertain whether GlcN administration can affect insulin secretion and insulin action in normal healthy people.
RESEARCH DESIGN AND METHODS

S u b j e c t s .
Ten healthy young male volunteers (aged 24.9 ± 0.43 years, BMI 2 3 . 5 ± 0.81 k g / m 2 ) were studied. The subjects consumed a weight-maintaining diet that contained 200-250 g carbohydrate per day for at least 3 days before the study. Body weight was stable in all of the subjects for at least 3 months before the study. No subject was taking any medication, and there was no family history of diabetes. No subject participated in any heavy exercise. All subjects had a normal oral glucose tolerance test (40). Each subject gave i n f o r m e d written consent before participating in the study, which was approved by the Human Investigation Committee of the Verona City Hospital. Experimental design. At 8:30 A.M., after a 10-12 h overnight fast, subjects were admitted to the Clinical Research Center. Each subject participated in 2 or 3 studies, which were performed in random order and were 1-3 weeks apart. Catheters were introduced into an antecubital vein for the infusion of test substances, and they were introduced retrogradely into a wrist vein to sample arterialized venous blood. The hand was placed in a heated box (60°C) during the study to ensure arterialization of the venous blood. Catheter patency was maintained by filling the catheters with mildly heparinized saline solution. Each study lasted 360 min (-60 to 300). At -60 min, a primed continuous infusion of normal saline (saline study, n = 10) or GlcN (low GlcN study 1.6 µmol · m i n -1 · k g -1 body wt, n = 10) was started and continued until the end of the study. Five subjects agreed to participate in a third study (the high GlcN study), in which GlcN was administered at the rate of 5 µmol · m i n -1 · k g -1
. At these GlcN doses, no untoward effects were noticed in the study participants, with the exception of 1 subject who complained of having a headache during the last hour of study. At 0 min, an intravenous glucose tolerance test (IVGTT) (1.67 mmol glucose/kg body wt plus high-performance liquid chromatography [ H P L C ] -p u r i fied [2-3 H]glucose aiming at a glucose specific activity of ~2 µCi/g) was performed. The glucose load (50% dextrose solution) was administered over 35-45 s with a volumetric Harvard pump (Harvard Apparatus, South Natick, MA), and it was followed by 50 ml normal saline to flush the catheter and the antecubital vein. Blood samples were collected a t baseline and at 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25, 30, 35, 40, 60, 80 , 100, 120, 140, 160, 170, and 180 min to measure plasma glucose, [2-3 H]glucose, serum insulin, and C-peptide concentrations. In 1 subject who participated in only 2 studies, [2-3 H]glucose was not added to the intravenous glucose load because of a technical error.
At 180 min, when both glucose and insulin concentrations had returned to baseline values, a euglycemic insulin clamp was carried out for 120 min (41) . It has been shown that sequentially performing an IVGTT and a euglycemic insulin clamp has no effects on the results of the clamp (42) . Human insulin (Actrapid; Novo Nordisk, Rome, Italy) was infused at the constant rate of 6 p m o l · min -1 · kg -1 body wt, preceded by an intravenous prime at 180 min of 1 2 0 pmol/kg body wt. The plasma glucose concentration was maintained constant at the target level by determining the plasma glucose concentration every 5 min and by adjusting the infusion rate of a 20% glucose solution according to a negative feedback principle. The glucose infusion was started in each of the studies at 180 min at the initial rate of 5.5 µmol · min -1 · kg -1 b o d y wt. The target glucose concentration of the clamp was the clamp glucose concentration of the study that was performed first. To estimate endogenous glucose production, 100 µCi of HPLC-purified [2-3 H]glucose was added to the 20% dextrose solution (500 ml) used to perform the clamp, so that the expected glucose specific activity of the dextrose solution was ~1 µCi/g. To hasten the attainment of isotopic steady state, at 180 min a [2- where the glucose pool was assumed to equal the product of plasma glucose concentration (g/l) times 0.25 of body weight (kg), and 1 µCi/g was the a p p r o x imate specific activity of the 20% dextrose solution (43) . During the insulin clamp, blood was drawn at 190, 200, 210, 220, 240, 260, 280, 290, and 300 min to measure plasma glucose specific activity and insulin, lactate, and FFA levels. Throughout the study, blood was drawn at time intervals to determine the prevailing concentrations of GlcN. All blood samples were collected in prechilled tubes, promptly spun at 1,500g for 15 min at 4°C, decanted, and stored at -20°C.
Both at baseline (-60 to 0 min) and during the last hour of the clamp (240-300 min), substrate oxidation rates were estimated by computerized open-circuit indirect calorimetry (Deltatrac; Datex, Helsinki, Finland). Ti m e d (-60 to 0, 0 to 180, and 180 to 300 min) urine collections were performed to measure the excretion rates of urea, GlcN, and glucose. Materials. Cell culture-tested D(+)-GlcN was purchased from Sigma-Aldrich (Milan, Italy). Stock solutions of highly concentrated GlcN were prepared by dissolving GlcN in normal saline and, after being filtered through a sterile 0.22-µ m fil t e r, were tested to be sterile and pyrogen-free and then stored at -20°C for no longer than 4 weeks before use. On the morning of each study, 1 stock solution was thawed and diluted into a 250-ml bottle of normal saline under sterile conditions. HPLC-purified [2-3 H]glucose was purchased from NEN Life Science Products (Boston, MA) and was tested to be sterile and pyrogen-free before use. Analytical methods. Serum insulin and C-peptide concentrations were measured by an immunoradiometric assay (Insulin-IRMA; Medgenix Diagnostics, Fleurus, Belgium) and a radioimmunoassay (C-peptide Myria; Te c h n o -G e n e tics, Milan, Italy), respectively. Plasma glucose concentrations were measured in duplicate on a Beckman Glucose Analyzer II (Beckman Instruments, Fullerton, CA). Plasma samples for the determination of [2-
3 H ] -D-glucose concentrations were deproteinized according to the method described by Somogyi (43a) and were dried, reconstituted with water, and mixed with scintillation fluid (Ultima Gold; Packard Instruments, Downers Grove, IL). Radioactivity was quantitated in a liquid scintillation counter with an external standard corr e ction (Packard Instruments). The counter was programmed to measure radioactivity as long as needed to reach a coefficient of variation (CV) of ≤1% in each sample. Known volumes of the labeled dextrose solution were treated
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as previously described to determine the specific activity of the glucose infusates. Lactate and FFA plasma concentrations were determined with enzymic spectrophotometric methods, as previously described (43, 44) .
Plasma GlcN concentrations were measured by an HPLC method, as previously described (30) . C a l c u l a t i o n s . -Cell secretion was estimated by applying a minimal model of glucose-induced insulin secretion to the glucose and C-peptide curves of each subject, as introduced by Toffolo et al. (45) and described in the A P P E N D I X (we have applied in the present article a simplified version of model 3 described in Appendix B of the article by Toffolo et al.) . Readily releasable insulin (RRI) (pmol), glucose-stimulated insulin secretion (GSIS) ([pmol/min]/[mol/l]), glucose threshold (mmol/l), and the time constant (min) of GSIS were estimated by implementing this minimal model of C-peptide secretion in the SAAM II 1.1.1 software (SAAM Institute, Seattle, WA) (details are provided in the A P P E N D I X). Numerical values of the unknown parameters were estimated using nonlinear least-squares. Weights were chosen optimally: they were equal to the inverse of the variance of the measurement errors, which were assumed to be additive, uncorrelated with 0 mean and a constant CV of 6%. In all cases, the fit was good, as shown by the C-peptide weighted residuals (Fig. 1) , and the parameters of glucose-induced -cell secretion were estimated with good precision, as shown by their CVs (RRI 12.3 ± 3.3, GSIS 14.5 ± 4.3, and the glucose threshold 2.1 ± 0.7%).
The insulin and [2-3 H]glucose curves during the IVGTT were analyzed according to the minimal model described by Vicini et al. (46) , with the aid of the SAAM II 1.1.1 software (details are provided in the A P P E N D I X). Numerical values of the unknown parameters were estimated using nonlinear least-squares. Weights were chosen optimally: they were equal to the inverse of the variance of the measurement errors, which were assumed to be additive, uncorrelated with 0 mean and a constant CV of 3%. The rele v a nt parameters obtained with this analysis were insulin sensitivity (S I ) under hyperglycemic/hyperinsulinemic conditions (S I *-IVGTT [ml · min
) at basal steadystate insulinemia, and the plasma glucose clearance rate at baseline (ml · m i n -1 · kg -1
), which was used to calculate the rate of basal endogenous glucose output (EGO). The fit of the [2-
3 H]glucose curve was good in all of the studies, as shown by the [2-3 H]glucose weighted residuals ( Fig. 1 ). The CVs of S I *-IVGTT (14.4 ± 3.4%), S G * (15.1 ± 4.2%), and the plasma glucose clearance rate (6.14 ± 1.5%) were also good.
We also estimated EGO (µmol · min -1 · kg -1 ) at baseline and over 10-min intervals during the IVGTT, as described in the A P P E N D I X.
Glucose utilization (µmol · min -1 · kg -1 ) and EGO during the insulin clamp were measured in the time interval between 240 and 300 min, when isotopic near-steady state was present, according to standard formulae (43) .
Glucose and lipid oxidation rates (µmol · min -1 · kg -1 ) were estimated from gaseous exchange data by applying standard stoichiometric formulas, the theoretical underpinnings and limitations of which have been examined elsewhere (43, 47) . Glucose storage, also known as nonoxidative glucose disposal (43) , was calculated as follows:
Glucose storage (µmol · m i n -1 · k g (Fig. 1) . All other data are presented as means ± SE. The time courses of glucose, C-peptide, insulin, and [ 2-3 H]glucose concentrations; of EGO during the IVGTT; of plasma lactate and F FA levels during the insulin clamp; and of plasma GlcN concentrations throughout the study were compared by 1-way analysis of variance (ANOVA ) for repeated measures. RRI, GSIS, the glucose threshold, the time constant of GSIS, S I * -I V G T T, S G *, and metabolic fluxes were compared using Stud e n t 's t test for paired data.
The minimal detectable difference of a variable of interest in a paired study was calculated according to the following:
where is the minimal detectable fractional difference, s is the fractional CV of the variable, t b ( 1 ) m and t a ( 2 ) m are the t values corresponding to a 90% (1 -) chance of detecting a 0.05 [ (2)] level of significance with m degrees of freedom, and n is the number of observations (48) .
R E S U LT S
GlcN, glucose, insulin, and C-peptide concentrations. During the saline study, the mean plasma GlcN concentration was 0.040 ± 0.007 mmol/l. During the low GlcN and the high GlcN studies, plasma GlcN concentrations increased to 0 . 5 7 ± 0.14 mmol/l (P < 0.01 vs. the saline study) and 1.15 ± 0 . 1 8 mmol/l (P < 0.001 vs. the saline study, and P < 0.01 vs. the low GlcN study, respectively) (Fig. 2 ). GlcN excretion rates in the urine samples were 0.055 ± 0.01 (n = 3), 0.46 ± 0.16 (n = 3), and 1.99 ± 0.28 µmol · m i n -1 · k g -1 (n = 4) in the saline, low GlcN, and high GlcN studies, respectively.
The mean plasma glucose concentration at baseline (-20 to 0 min) was 5.0 ± 0.04 mmol/l in the saline study and 
T. MONAUNI AND ASSOCIATES
i ncreased to 5.3 ± 0.02 mmol/l (P < 0.02) and 5.5 ± 0 . 0 1 mmol/l (P < 0.05) in the low GlcN and the high GlcN studies, respectively. Insulin and C-peptide concentrations at baseline (-20 to 0 min) were 59 ± 5.2 pmol/l and 0.51 ± 0 . 0 2 nmol/l, respectively, in the saline study, and they were unchanged during both the low GlcN study (55 ± 3.5 p m o l / l and 0.52 ± 0.05 nmol/l, respectively) and the high GlcN study ( 4 7 . 9 ± 1.6 pmol/l and 0.43 ± 0.01 nmol/l, respectively). The plasma glucose concentration curve during the IVGTT in the high, but not in the low, GlcN study was somewhat greater than that in the saline study (P < 0.01 by ANOVA ) , which indicated a worsening in glucose tolerance (Fig. 3 ) . GlcN infusion caused no statistically significant differences in serum insulin and C-peptide curves during the IVGTTs ( F i g . 3). However, the plasma [2-3 H]glucose curve during the IVGTT in the high, but not in the low, GlcN study was higher than that in the saline study (Fig. 3) (P < 0.01 by ANOVA), suggesting a reduced clearance of the glucose load. Parameters of -cell secretion during the IVGTT. R R I was unaffected by GlcN infusion either at the low (n = 10) or high (n = 5) dose (Fig. 4) . Similarly, GSIS, though somewhat reduced, was not statistically different during GlcN infusion compared with that in the saline study (Fig. 4) . The time constant of GSIS (11.8 ± 2.3 min) was unaffected by either low ( 9 . 5 ± 1.7) or high (12.4 ± 4.2) GlcN infusion. In contrast, the glucose threshold for GSIS was significantly increased by GlcN administration in both studies (Fig. 4 ) . S I , S G *, and EGO during the IVGTT. S I and S G * during the saline study were 0.0210 ± 0.0056 [ml · m i n -1 · k g , P < 0.05) (Fig. 5 ) . EGO was unaffected by either low or high GlcN infusion, both at baseline and during the IVGTT (Fig. 6 ) . S I and EGO during the insulin clamp. During the glucose clamp study, similar levels of plasma glucose and serum insulin were achieved during the saline study (4.91 ± 0 . 3 mmol/l and 501 ± 12.1 pmol/l), the low GlcN study (4.96 ± 0 . 2 mmol/l and 489 ± 11.6 pmol/l), and the high GlcN study ( 4 . 9 7 ± 0.2 mmol/l and 554 ± 39.5 p m o l / l ) .
Both whole-body glucose utilization (Fig. 7) and EGO ( 2 . 2 6 ± 0.87, 2.72 ± 0.58, and 1.95 ± 0.65 µmol · m i n -1 · k g -1 f o r the saline, low GlcN, and high GlcN studies, respectively, NS) during systemic hyperinsulinemia were unaffected by GlcN infusion, regardless of the dose. Similarly, rates of glu- 
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cose oxidation and glucose storage stayed the same during GlcN administration (Fig. 7 ) .
GlcN infusion at either dose exerted no effects on the time courses of both lactate and FFA concentrations (data not shown). Lipid oxidation rates were unchanged by GlcN infusion (data not shown).
D I S C U S S I O N
The current status of the glucose toxicity hypothesis implies an involvement of the GlcN-hexosamine pathway in the detrimental effects of high glucose on both insulin secretion and insulin action, as previously described.
In the present study, GlcN was administered to humans ( F i g . 2) in an attempt to prove that it can blunt the -c e l l response to glucose in vivo. At variance with previous studies conducted in the rat (17, 37, 38) , no alterations of the -c e l l secretory pattern were observed during either the low-or the high-GlcN studies. However, GlcN shifted the -cell glucose threshold to the right (Fig. 4) . The expected net result of this alteration would be an increase in fasting glycemia, as observed during the studies performed with GlcN.
According to current thought, GlcN would impair GSIS by acting as a competitive inhibitor of -cell glucokinase (17,37,38), which is the -cell "glucose sensor" and the main regulatory step of GSIS (49) . If GlcN acts as a pure competitive inhibitor of glucokinase, its predicted effect would be an increase in the apparent K m of the enzyme for glucose and a shift to the right of the curve relating glucokinase flux to glucose concentration, but with no change in the shape of the curve. In our experimental setting, such a defect would manifest itself as an increase in the glucose threshold (i.e., a shift to the right of the relationship between glucose and insulin secretion), but no change would occur in the slope of this relationship (i.e., in GSIS). Thus, our data (Fig. 4) are consistent with the pattern expected with a competitive inhibitor of glucokinase. For the sake of comparison, subjects with the relatively mild glucokinase mutation E300Q display only a defect in the K m of the enzyme with preserved V m a x . Their in vivo GSIS is characterized by a shift to the right (i.e., an increase in glucose threshold) but a normal slope relating glucose levels to insulin secretion, at least in the glucose range between 7 and 12 mmol/l (50). As a result, their in vivo GSIS, at least qualitatively, is reminiscent of the defect in -c e l l function induced by GlcN in the present study.
Previous studies in the rat have documented a clearer detrimental effect of GlcN on insulin secretion than that which is shown in humans in the present study (17,37,38), perhaps pointing to species-specific differences in the effects exerted by GlcN on insulin secretion. Indeed, in the rat, GlcN also impairs first-phase insulin secretion (17,37,38), a fin d i n g that is not expected with a competitive inhibitor of glucokinase. In comparison with our study, RRI was unaffected by GlcN (Fig. 4) . These aspects need to be further investigated.
Our study is the first attempt in vivo in humans to increase the hexosamine pathway flux by infusing GlcN. Whereas no detectable effect could be documented on peripheral S I at the low GlcN dose, at the high GlcN dose, S I was decreased during hyperglycemia (IVGTT) (Fig. 5) but not at euglycemia (insulin clamp) (Fig. 7) . Furthermore, S G * was also impaired during the IVGTT (Fig. 5) . Thus, the ambient glucose levels determined whether GlcN could impair glucose utilization.
Glucose utilization during an IVGTT is governed by 2 components: one is ascribed to S I , and the other is ascribed to S G * (46) . However, because the latter is estimated at basal insulin (46) , additional effects of glucose on its own metabolism during hyperglycemia/hyperinsulinemia are refle c t e d by S I . During clamp studies, glucose exerts a greater-t h a nexpected potentiating effect on peripheral (muscle) uptake at increasing levels of hyperinsulinemia (51) . The mechanism may be an increase in cell-surface GLUT activity induced by glucose, possibly through a protein kinase C 2 -d e p e n d e n t pathway (52) or through a stimulation of GLUT4 translocation in skeletal muscle (53) . Also, liver may play a role, because even though the rate of liver glucose phosphoryla-
FIG. 4. RRI (A), GSIS (B), and the glucose threshold of GSIS (C) in
the IVGTTs performed during the saline, the low GlcN, and the high GlcN studies. ¶P < 0.05 vs. the saline study.
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tion is almost negligible during a euglycemic clamp (54), liver glucose uptake accounts for ~30% of total glucose uptake during moderate hyperglycemia/hyperinsulinemia (55) . Importantly, GlcN can inhibit liver glucokinase (35, 56, 57) , thereby leading to a reduced rate of glucose phosphorylation in liver and a reduction in glucose cycling (56) . R e c e n t l y, a defect in S G *, in which muscle and/or liver may be involved, was shown in type 2 diabetic patients during hyperinsulinemia only for glucose levels equaling 160 m g / d l (58) . Thus, the defect in S I during the IVGTT that is caused by GlcN is likely to be the result of an alteration in either peripheral or glucokinase-dependent liver glucose uptake (or both), which becomes evident only during hyperglycemia and is reminiscent of a specific defect in glucose metabolism, as recently described in type 2 diabetes (58) .
The GlcN-induced decrease in S G * at basal insulin (Fig. 5 ) is similar to the blunted effect of glucose on its own metabolism, as we (59) and other investigators (60,61) have previously reported in studies of type 2 diabetes. The possible determinants of this phenomenon may be a decreased basal clearance of glucose across the splanchnic area (62) and skeletal muscle (63) . Our data therefore show that in h u m a n s , GlcN sets in motion a series of events (i.e., impaired -c e l l function and reduced capability to clear a glucose load) that may be detrimental to glucose homeostasis.
The lack of any GlcN effect on glucose metabolism during the euglycemic clamp in humans (Fig. 7) is at variance with all of the published experimental evidence obtained in r o d e n t s ( 7 , 1 3 , 1 4 , 1 6 -2 1 , 2 5 , 3 2 , 3 4 ) .
A possible reason for this variance is that our study lacked statistical power to detect biologically significant alterations in S I . In our l a b o r a t o r y, a 2-h euglycemic clamp in humans has a between-day CV of ~12%. Thus, according to the formula reported in the statistical analysis, we had an 80% chance of detecting a 10% difference at a level of P < 0.05. We may have missed smaller changes in S I at euglycemia, but the biological significance of these changes would be questionable.
Another relevant issue concerns the doses of GlcN that we used. The low dose (1.6 µmol · m i n -1 · k g -1 body wt) was selected on the basis of the present estimates of the flu x through the hexosamine pathway (~2-3% of basal glucose utilization 
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GlcN infused was found in the urine, we may have accelerated the hexosamine pathway flux from a minimum of 2.7-to a maximum of 5.5-fold in the low GlcN study. The high GlcN dose (5 µmol · m i n -1 · k g -1 ) has proven to be effective in inducing peripheral insulin resistance in the rat, both in our (17) and other investigators' (7,21,25) laboratories. It should have increased the hexosamine pathway flux from a minimum of 7.5-to a maximum of 15-fold. If one takes into account the ratio between GlcN dose and insulin-mediated uptake in rats and humans, our high GlcN study (ratio of ~1:8 between GlcN infusion and glucose uptake) used a dose that is comparable with the highest GlcN dose applied to the rat ( 3 0µ m o l · m i n -1 · k g -1
, ratio of ~1:7). Finally, the GlcN levels we achieved in the high GlcN study (~1.15 mmol/l) were even greater than those observed at the highest dose used in the rat (~0.8 mmol/l) (14). Nevertheless, all of the considerations regarding the flux rate through the hexosamine pathway are based on rat studies, not human studies, and we did not measure any metabolite of the hexosamine-phosphate p a t hway in the muscle of our subjects, thereby providing no d e finitive proof that the pathway flux was accelerated by GlcN infusion. Thus, although we deem it unlikely that the failure of GlcN to cause insulin resistance during our insulin clamp studies is due to an inadequate GlcN load, this possibility cannot be ruled out.
Another possible factor to examine is the time of exposure of body tissue to GlcN. In the rat, we and other investigators (7, 17, 25) reported that the detrimental effects of GlcN on insulin sensitivity were readily detectable with little lag time, whereas in other studies (16, (18) (19) (20) , GlcN was an effective insulin desensitizer after only 3-4 h of infusion. In our study, h o w e v e r, the body was exposed to hyperglucosaminemia for 5 h (Fig. 2) before we measured insulin sensitivity by the insulin clamp; yet no changes could be detected. In spite of this result, our data cannot be regarded as proof that the hexosamine pathway is not a flux sensor (4, 24, 25) and/or that GlcN does not cause insulin resistance at euglycemia in humans. R a t h e r, our data show that the quantitative role, the sensitivi t y, or the timing of activation of the GlcN/hexosamine pathway in modulating peripheral insulin sensitivity at euglycemia is different in rats and in humans. Consequently, these fin d i n g s call for some caution in the prompt extrapolation of rodent data to human homeostatic mechanisms.
In cultured cells and also in vivo in the rat, GlcN can selectively inhibit glycogen synthesis by virtue of a direct effect on the degree of phosphorylation of glycogen synthase (9-11). We observed no changes in the rates of glucose storage during GlcN studies (Fig. 7) , a parameter that is closely related to glycogen synthesis at both the whole-body (43) and the muscular level (64) . A decrease in glycogen synthesis may have been offset by an increase in anaerobic glycolysis, which is similarly encompassed in the rate of glucose storage (43) . In such a case, we should have observed an increase in lactate levels, but we did not. Thus, we think that this selective effect on intracellular glucose partitioning did not occur in our studies.
GlcN may decrease glucose capability of restraining endogenous glucose production by virtue of an inhibition on liver glucokinase, as demonstrated in the rat (56) . However, to avoid tracer recirculation, we were forced to use [2-3 H ] g l ucose, which quantitates total EGO (i.e., total glucose-6-phosphatase flux), not glucose production (i.e., the net balance between glucose-6-phophatase and glucokinase fluxes). U n d e r our experimental conditions, GlcN does not affect EGO in humans. However, we used an insulin dose that shuts off EGO almost completely. The issue of whether GlcN can a f f e c t liver (kidney) glucokinase and endogenous glucose production needs to be investigated.
In summary, we observed that GlcN administered acutely in vivo in humans can induce a mild dysfunction in -c e l l secretion (Fig. 4) , and, at a higher dose, an impairment in glucose utilization under hyperglycemic/hyperinsulinemic conditions and a decrease in S G * at basal insulinemia (Fig. 5) . The first 2 effects are consistent with the notion that GlcN can act as a competitive inhibitor of glucokinase in the -cell (36, 37) and in glucose-producing organs (35, 56) , although a defect in peripheral glucose uptake is also likely to be involved (51) (52) (53) . The net result of these alterations was a small increase in fasting glucose levels and a worsening of glucose tolerance (Fig. 3) ( i.e., a mild but detectable disruption of glucose homeostasis). This scenario recapitulates some of the metabolic features of human diabetes (65) and lends support to the thesis that inappropriate hexosamine metabolism can adversely affect glucose homeostasis (4, 17, 24, 25) .
H o w e v e r, in contrast to the rodent studies (7,13,14,16-21, 25,32,34), GlcN caused no detectable effects on insulin-mediated glucose metabolism at euglycemia (Fig. 7) , suggesting that caution is still warranted in extrapolating the animal data to the human setting in this specific topic. Further studies will be needed to determine whether acute acceleration of the hexosamine biosynthetic pathway can induce in vivo insulin resistance in humans under the standard conditions of the insulin clamp.
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A P P E N D I X
Minimal model of C-peptide secretion. The analysis of the glucose and C-peptide curves (Fig. 3) during the IVGTT follows the general strategy proposed by Toffolo et al. (45) (Fig.  A1) . Briefly, C-peptide kinetics are assumed to be known in each subject, according to a 2-compartment model proposed by Polonsky et al. (66) . Individual parameters can be calculated from population data as indicated by Van Cauter et al. (67) . C-peptide secretion is appended to this model of C-p e ptide kinetics and is assumed to consist of 2 components. The first phase (pmol/kg) is described as a pulse bolus of C-p e ptide at 0 min in response to the sudden hyperglycemic stimulus. The second phase also starts at 0 min and is described by the following: ) to the secretory process, G(t) is the prevailing plasma glucose level (mmol/l), and h is the plasma glucose threshold (mmol/l), above which the second phase of insulin secretion starts.
The parameters defining -cell sensitivity to glucose are d e fined as follows: 1) first-phase secretion, referred to in the present article as RRI (pmol/kg); 2) , also named 2 (45), which is referred to in the present article as GSIS ([pmol · m i n -1 · k g The glucose system is formed by 2 compartments in bidirectional exchange with each other (Fig. A2) . Compartment 1 is the fast glucose compartment, where the injection and the sampling take place; compartment 2 is the slow glucose compartment. Glucose utilization in compartment 1 is entirely insulin-independent and is formed by 2 components. One is fixed (constant glucose uptake [CGU] ) and concentration-independent within the range of euglycemia/hyperglycemia; it represents glucose utilization by brain and red blood cells, and it is assumed to be 204 µmol · m i n -1 · m -2 of body surface area. The other is proportional to glucose mass in compartment 1; it is described by the time-invariant rate constant k G D . The rate constant (k 0 1 ) of the irreversible loss from the insulin-independent compartment, therefore, is time varying and equals:
where q1 is the glucose mass (µmol) in the insulin-independent compartment. Thus, if plasma glucose concentration varies, the rate constant k 0 1 is also time-varying in the term CGU/q1 .
Glucose utilization in compartment 2 is formed by 2 components. One is insulin-independent and is proportional to glucose mass in compartment 2; it is described by the timeinvariant rate constant k I D . The other is the time-varying insulin-dependent glucose utilization. It is assumed that insulin action takes place in a compartment that is remote from plasma. Insulin action on glucose metabolism is described by the function x(t) : ) is the increase in glucose clearance from compartment 2 determined by a 1 pmol/l increase in plasma i n s u l i n concentration, I(t) is the time course of plasma insulin concentration, and I b is basal insulinemia.
The rate constant (k 0 2 ) of the irreversible loss from the insulin-dependent compartment, therefore, is time varying and e q u a l s :
Thus, if insulin concentration varies, the rate constant k 0 2 is time varying also in the term x(t) .
By measuring the time courses of insulin and [2-3 H ] g l u c o s e concentrations during an IVGTT in sufficient detail, this system is uniquely identifiable (46) . The relevant parameters for glucose metabolism are S I *-IVGTT ([ml/min]/ [pmol/l]) and S G * (ml/min) at basal steady-state insulinemia. The equations for both are respectively:
In this article, both of parameters, S I and S G *, were normalized per kilogram of body weight. Another important parameter that can be estimated with the aid of this model (46) is the plasma glucose clearance rate (ml/min) at baseline: 
, or endogenous glucose, was smoothed with the 5-point moving average to reduce the noise of the estimated G E N D O (t) dynamics (69) . The endogenous glucose represents the time course of plasma glucose when the only glucose source is the EGO.
To estimate EGO from G E N D O (t), the insulin-glucose system ( F i g . A3) was added with a third compartment, which directly feeds compartment 1. The content of compartment 3 was arbitrarily fixed to 14 mol, a quantity that was chosen to make the change in glucose content in compartment 3 negligible over the 180-min duration of the IVGTT. Thus, the rate of glucose exit from compartment 3 is the rate of EGO and is proportional to the rate constant k 1 3 . Because all other model parameters are known from the previous analysis of the insulin/[2-3 H ] -D-glucose curves, and because glucose mass is fixed in compartment 3, the only parameter that was estimated to fit G E N D O (t) was k 1 3 . The parameter k 1 3 w a s therefore estimated on a point-to-point basis with the SAAM 1.1.1 software, which calculated the EGO that would perfectly fit each smoothed endogenous glucose point. This approach is not devoid of significant limitations (68, 69) . Indeed, significant swings, as expected, were observed in the initial part of the IVGTT study, when the dynamic changes in the D-g l ucose curves were maximal (Figs. 3 and 6) . 
